Nicotine-induced dopamine (DA) release constitutes a pharmacological probe of the DA system that has potential use in patients with schizophrenia, who have abnormally elevated DA release after amphetamine administration and possibly abnormalities in nicotinic signaling. We performed positron emission tomography studies in five rhesus monkeys that received i.v. nicotine doses ranging from 0.01 to 0.06 mg/kg. [ 11 C]raclopride was administered with either a bolus plus constant infusion or with paired bolus injections. The dynamics of D-2-binding potential (BP) after nicotine administration were studied and compared to amphetamine. Nicotine caused a significant albeit small reduction (5%, po0.03) in BP, regardless of methodology of tracer administration. This effect disappeared 2.5 h after nicotine administration. Amphetamine caused much larger and prolonged displacement of [ 11 C]raclopride as compared to nicotine. There was no correlation between changes in BP and nicotine dose or plasma level. Regional differences in the nicotine effect within the basal ganglia were not found. Our data are consistent with the increase in DA detected with microdialysis in animals after acute nicotine administration, however, a larger effect size would be desirable to attempt studies comparing human smokers with and without schizophrenia.
INTRODUCTION
The interaction between dopaminergic and nicotinic neurotransmitter systems may be important to understand the neuropharmacology of schizophrenia. Abundant evidence indicates that both dopamine (DA) and nicotine pathways are affected in schizophrenia, but it is unknown how the two interact in this illness. For example, D 2 blockers are effective treatment for psychosis, and patients with schizophrenia are much more likely to smoke tobacco and to be heavier smokers than the general population or other psychiatric patients de Leon et al, 1995; Diwan et al, 1998; Olincy et al, 1997) . Patients with schizophrenia have excessive DA release in the striatum after challenge with amphetamine Laruelle et al, 1996 Laruelle et al, , 1999 and after relative DA depletion (Abi-Dargham et al, 2000) .
There is also substantial evidence that nicotinic function interacts with and regulates dopaminergic and glutamatergic neurons, both of which are likely to play a role in schizophrenia. DA is released in the striatum of animals who receive nicotine infusions (Di Chiara, 2000; Di Chiara and Imperato, 1988; Pontieri et al, 1996) . Nicotinic receptors appear to be present on the cell bodies of DA neurons in the ventral tegmental area (VTA) (Pidoplichko et al, 1997) . The activation of DA neurons in the VTA and the consequent release of DA in the nucleus accumbens are thought to underlie the rewarding effects of nicotine and other drugs of abuse (Di Chiara, 2000; Di Chiara and Imperato, 1988; Pontieri et al, 1996) . Moreover, it has been recently shown that acetylcholine in the striatum is necessary for DA release induced by action potentials and that this regulatory effect of acetylcholine is mediated by nicotinic receptors (Zhou et al, 2001) . Nicotine also appears to facilitate glutamatergic neurotransmission in the prefrontal cortex and the hippocampus (Gioanni et al, 1999; Gray et al, 1996; Radcliffe et al, 1999; Vidal and Changeux, 1993) , which is in turn thought to enhance DA release in the accumbens (reviewed in Dalack et al, 1998) . The effects of nicotine on hippocampal glutamatergic tone appear to underlie its effects on sensory gating in animals (Leonard et al, 1996) , a phenomenon that has been found to be altered in schizophrenia and restored by smoking tobacco (Adler et al, 1993) .
It would therefore be of interest to assess DA release after nicotine administration in patients with schizophrenia in vivo. In principle, this might be done by measuring the change in binding potential (BP) of [ 11 C]raclopride or other reversible tracers for DA receptors using positron emission tomography (PET). These ligands allow for a dynamic equilibrium in the synapse with endogenous DA. Therefore, perturbations of DA release may alter the apparent BP of the ligand to DA receptors. Several studies have shown the feasibility of this technique and such measurements have been performed with drugs that act directly on the DA system, for example, amphetamine Carson et al, 1997; Dewey et al, 1993) and cocaine (Schlaepfer et al, 1997) , and drugs that cause DA release indirectly, for example, ketamine (Breier et al, 1998) or serotonergic agents (Dewey et al, 1995) . Such experiments have been conducted in patients with schizophrenia with amphetamine administration Laruelle et al, 1996) ; amphetamine, however, has the potential to cause short-term exacerbation of psychosis. Therefore, nicotine may constitute a more desirable alternative to provide similar information in patients who smoke.
Prior to conducting experiments in humans, it is desirable to collect data in animals to get an estimate of the expected effect size. The current study examines the effect size of [ 11 C]raclopride displacement after nicotine infusion (at doses compatible with administration in humans) in nonhuman primates under isoflurane anesthesia. Similar experiments were performed by Dewey et al (1999) , but the effect size could not be deduced from that study. Other such studies have appeared in abstract form Cumming and Gjedde (2001) . Tsukada et al (2002) recently showed that even a high dose of nicotine that produced significant changes in vital signs did not cause [
11 C]raclopride displacement in four conscious monkeys, but a small effect was seen in the same animals under anesthesia. In the current study, the dynamics of DA receptor occupancy changes over a period of a few hours after nicotine infusion were compared with the effects of amphetamine. In addition, two methods of tracer administration were compared: (1) 'bolus plus constant infusion (B/I)' Laruelle et al, 1996) , in which constant ligandreceptor equilibrium is reached during the scan, and nicotine administration perturbs this equilibrium, allowing for pre-vs postmeasures of BP in one scan, and (2) paired bolus injections (eg Dewey et al, 1993) where two separate scans, before and after nicotine administration, are used to calculate changes in BP.
MATERIALS AND METHODS

Animals
Five rhesus monkeys (mean weight: 9.8 kg) were studied. Indwelling arterial ports had been placed previously to facilitate arterial blood sampling during the PET scans. Anesthesia was initially induced with ketamine and intubation was performed. After transportation to the PET suite, the animals were placed under isoflurane anesthesia (1-2%). The head of the animal was immobilized in a stereotactic frame. Scans started at least 2 h after ketamine administration. Vital signs were monitored throughout the experiment. These procedures were approved by the Animal Care and Use Committee of the NIH Clinical Center.
PET Procedure
PET scans were performed with a GE Advance scanner (General Electric Medical Systems, Waukesha, WI; reconstructed resolution of 6 mm full-width half-maximum in all directions). Coronal slices covering the whole brain were obtained. A transmission scan was initially performed for attenuation correction. Three [
15 O]water scans were performed prior to the [ 11 C]raclopride scans. These scans were averaged and used for registration with T1-weighted MRI (SPGR, 0.4 Â 0.4 Â 1 mm resolution, coronal acquisition) scans for all animals. These [
15 O]water scans provide for high-quality images with adequate statistics that are generally superior to the sum of the initial time points of the [ 11 C]raclopride scans described below. The radiotracer was [
11 C]raclopride (specific activity ranging between 379 and 1142 Ci/mmol, mean 675 Ci/ mmol). The monkeys received 2.13 mCi per scan on average. Two modalities of radiotracer administration were used: bolus plus constant infusion (B/I), and two bolus injections ('bolus'). In the B/I scans, the volume of the bolus portion was equal to that during 60 min of infusion . Scan frames were 3 Â 60, 2 Â 90, 2 Â 120, 8 Â 300, 6 Â 200, 16 Â 300 s (150 min total scan duration). Two B/I scans were obtained per scanning day (Table 1 ). In the first one, nicotine was administered i.v. as a prolonged (1 min) bolus at 60 min into the [ 11 C]raclopride infusion, at doses between 0.01 and 0.06 mg/kg (Table 1) ; no intervention was performed in the second scan in four monkeys out of five. This was done in order to follow the dynamics of change in BP over time. In one animal (MA), nicotine administration was repeated in the second scan at a higher dose. In another animal (PI), the dose of nicotine was doubled in a separate experimental session. For all monkeys who had accessible arterial ports, arterial blood was sampled every 15 s during the first 1.5 min, then at 2, 3, 4, 7, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105, 120, 135 , 150 min postinjection. These samples were used to correct for intravascular radioactivity. In one case, the arterial port was inaccessible. In this case, only venous sampling for nicotine Nicotine-induced dopamine release in primates S Marenco et al levels was performed. There were at least 3 h between the starting times of tracer infusions. The same animals underwent a scan session with two bolus injections of [ 11 C]raclopride at least 1 month later, with nicotine administration 5 min prior to the second bolus injection, at the same doses as during the B/I scans. A total of 17 PET frames were obtained over 60 min (scan frames were 3 Â 60, 2 Â 90, 2 Â 120, 10 Â 300 s). No arterial sampling was performed in these scans. A period of 3 h was allowed between tracer administrations.
Data on the effect of amphetamine administration were obtained from three monkeys of the same species with the same B/I design in which amphetamine 0.4 mg/kg was administered 50 min into the first scan . One of these animals also underwent the nicotine studies above.
Nicotine samples were obtained from arterial blood at 2, 8, and 15 min after nicotine injection, stored on ice and sent to Medtox Laboratories (St Paul, Minnesota), for quantitative HPLC measurements of nicotine concentration. In the animal without arterial sampling, nicotine measurements were obtained from venous samples.
Data Analysis
Images of BP before and after nicotine were obtained as follows. For B/I scans, decay-corrected PET frames were averaged from 50 to 60 min after the start of raclopride infusion, just prior to nicotine (or amphetamine) injection, and over 40 min starting from 20 min after drug administration. The longer averaging period after drug injection was used to obtain signal-to-noise comparable to that in the images prior to nicotine . For follow-up scans without pharmacological intervention, the same time frames were averaged as in the first scan. The [ 15 O]water scans were averaged and registered to the high resolution MRI with a rigid-body six-parameter algorithm using Automated Image Registration (Woods et al, 1993 (Woods et al, , 1998 . All the [ 11 C]raclopride-derived images were resampled using the same transformation matrix. A region-of-interest (ROI) over the cerebellum was drawn on the MRI scan and applied to the coregistered, averaged [ 11 C]raclopride PET images. This yielded a value for a receptor-poor reference region. BP images were calculated as
with 'RAC' being the average image of the concentration over 10 or 40 min (before or after nicotine, respectively, see above) and CER the average value for the cerebellum during the same time frames. A separate calculation was also performed to correct for vascular contribution:
where blood activity is the decay-corrected radioactivity concentration per milliliters of blood multiplied by the blood volume fraction in brain tissue (0.04 was used; Phelps et al, 1979) . All image processing related to calculation of BP images for B/I scans was done with Medx (Sensor Systems, Inc., Sterling, VA).
BP images for paired bolus scans were obtained with the Simplified Reference Tissue Method (SRTM), based on the work of Lammertsma and Hume (1996) . The time activity curve for the cerebellum reference region was obtained from an ROI drawn on the registered MRI and applied to each frame of the bolus scans.
ROIs were drawn around the full extent of the basal ganglia on the coregistered MRI, and the BP images were sampled, yielding BP values before and after nicotine (or amphetamine) infusion for all experiments. For the B/I scans, where a follow-up scan was available, two additional measurements were made, approximately 180 and 220 min after drug administration.
The significance of change in BP in the basal ganglia before and after nicotine was investigated with repeated measures ANOVA. Separate tests were performed on the B/I (with and without vascular correction) and bolus scans. An overall repeated measures ANOVA including all measures (B/I without vascular correction and bolus scans) was performed to assess the effect of nicotine administration and of method of radiotracer administration (considered as a repeated measure). We calculated effect size since it is the measure most closely associated with statistical power, and therefore allows prediction of sample size requirements for human studies. Effect size was calculated for the B/I and 'bolus' methods separately, according to Cohen (1988) ; f ¼ absolute value of BP mean difference beforeÀafter nicotine/standard deviation of the differences). Power computations were done with GPower (Erdfelder et al, 1996) . Amphetamine and nicotine effects were also compared with a repeated measures ANOVA, which was applied to three BP values: before, after 30 min from drug administration, and at follow-up (average of 180-and 220-min postdrug) as repeated measures.
Regional effects within the basal ganglia were also considered. Microdialysis studies have shown that all drugs of abuse, including nicotine, cause DA release in the nucleus accumbens shell in excess of the 'motor' striatum (Di Chiara and Imperato, 1988) . Our hypothesis was therefore that the area of the basal ganglia including the accumbens and the ventral putamen (the so-called 'ventral striatum'; Haber and McFarland, 1999) , would be most sensitive to the effects of nicotine. To investigate regional differences in BP changes, we used two levels of analysis.
The first one was an exploratory analysis implemented through SPM99 (www.fil.ion.ucl.ac.uk/spm). A template was created for macaca mulatta (the species under investigation) by following the methods of Black et al (1997): each of 12 monkey brain MRIs (resolution 0.4 Â 0.4 Â 1 mm) was deformed (12 parameter registration) to a single brain. All 12 scans were then averaged to obtain an initial template, which became the reference image for another iteration of registrations, which then were averaged to get a second template. This process was repeated three times. The BP images were masked to remove noisy values outside the basal ganglia, and transformed into the group template space using the product of two transformation matrices ([ 15 O]water PET to individual MRI Â individual MRI to group template MRI). The first registration was accomplished in Medx with a rigid body algorithm (AIR), while the second one was a 12 parameter affine registration that relied on FMRIB software library (FSL) algorithms (http:// www.fmrib.ox.ac.uk/fsl / Smith, 2002; Jenkinson and Smith, 2001) . The images were then smoothed with an 8 Â 8 Â 8 mm filter and voxel-by-voxel paired t-statistics Nicotine-induced dopamine release in primates S Marenco et al were performed. Given the exploratory nature of this analysis, a threshold level of a ¼ 0.01 uncorrected for multiple comparisons was chosen.
To confirm the results of the SPM analysis, an ROI analysis was performed. This method consisted of the following steps. (1) Landmarks were established on the template MRI in order to identify physiologically meaningful subsections of the basal ganglia and at the same time segregate areas with the highest t-values on the paired t-group statistics obtained with SPM from those with lower t-values. The landmarks ( Figure 1) were: the anterior commissure (AC: separating anterior from posterior putamen), the MRI contour of the basal ganglia on the slice containing the AC, diagonal lines separating the caudate from the putamen on both sides, and a horizontal line connecting the top of left and right putamina in front of the AC (separating ventral and dorsal anterior caudate). (2) These landmarks were drawn on the individual MRI of each animal. (3) The landmarks were then superimposed on the BP images coregistered to the MRI. The landmarks were shifted if they appeared not to match the BP images, which were thresholded to a minimum value of 0.8 to maintain consistency between animals. (4) ROIs were drawn directly on the BP images, following the contour of the basal ganglia and using the landmarks to delimit the ROIs. The B/I BP images were used because they had better statistical quality and the same set of ROIs was used to sample bolus scans for the same animal. The scheme for ROI placement is illustrated in Figure 1 . The ROIs included: ventral striatum (roughly corresponding to the definition of Drevets et al, 1999; and Mawlawi et al, 2001) , dorsal anterior caudate, posterior caudate, and posterior putamen. The posterior caudate and putamen started 2 mm posterior to the AC. We chose this line of separation rather than the AC, which generally is chosen to separate rostral from caudal sections of the basal ganglia, because our SPM analysis indicated somewhat larger changes in BP of the caudate anterior but not posterior to this line. All regions had a left and right subdivision (eight ROIs for each scan).
These ROIs were sampled on all scans and repeated measures ANOVAs were performed with BP before and after nicotine (two levels), ROI (four levels), and side (left/ right) as the repeated measures. The interaction terms of these analyses addressed the following questions: (1) are there any ROIs that change more than others under the effect of nicotine (nicotine Â ROI interaction)? and (2) is the effect of nicotine lateralized (nicotine Â side)? Method of tracer administration was ignored in this analysis so that the entire sample of scans could be used.
Pearson's correlations were used to study the association of nicotine dose and plasma levels with changes in BP before and after nicotine in the basal ganglia as a whole and in single regions. All methods of tracer administration were grouped for this analysis.
Statistical calculations were performed with Statistica (StatSoft Inc., Tulsa, OK).
RESULTS
Nicotine-Induced BP Changes in the Basal Ganglia as a Whole Table 2 shows the BP without vascular correction for the basal ganglia for all scans, the effect size of the difference before and after nicotine, and nicotine levels measured at each time point.
The change in BP induced by nicotine was À5.676.8% SD (F (1,6) ¼ 4.51, p ¼ 0.07) for B/I scans, À5.177.8% (F (1,4) ¼ 1.9, NS) for bolus scans, and À5.476.9% for the entire sample (F (1,11) ¼ 6.8, po0.03). When comparing the B/I and bolus methods with an ANOVA with two repeated measures factors (nicotine and method) on the five animals Figure 1 Landmark placement on the template and ROIs drawn on PET-BP images registered to the MRI of the animal. The upper row of images shows the positioning of the landmarks on the MRI (the MRI template constructed from 12 high resolution MR images of monkeys of the same species is shown): the image in the center represents a slice through the AC, the images on the left are 3 mm posterior and the images on the right are 2 mm anterior to the AC, respectively. Landmark positioning is described in the text. The lower row of images is an example of how the landmarks are used to delimit the ROIs on the BP images, with posterior putamen in blue, posterior caudate in cyan, ventral striatum in dark green, and anterior-dorsal caudate in magenta. The color scale on the right shows BP range for this monkey.
Nicotine-induced dopamine release in primates S Marenco et al that had both scans, no significant difference emerged for method of tracer administration and there was no significant interaction between the effects of nicotine and method. Effect sizes (Table 2) showed a small advantage for B/I scans. Power analyses, performed as a preliminary to human studies, indicated that 12 subjects are sufficient to detect a change in BP with power of 0.8 (a ¼ 0.05). For B/I scans alone, 10 subjects would be sufficient, while for bolus scans 17 subjects would be necessary. When B/I scans were corrected for vascular activity, effect size was somewhat reduced as compared to the absence of vascular correction (see Table 3 ). There were no significant correlations between nicotine dose or plasma levels and BP changes. The nicotine level used was the one at 8 min, given that the other time points had missing data.
Dynamics of BP Changes Compared Between Nicotine and Amphetamine
When amphetamine and nicotine were compared for B/I scans, there was a significant effect of group (F (1,7) ¼ 8.1, po0.03), meaning that nicotine studies had overall higher BP than amphetamine, a significant effect of drug administration (F (2,14) ¼ 40.6, po0.00001), meaning that both nicotine and amphetamine caused a significant reduction in BP, and a significant interaction between the drug and group effects (F (2,14) ¼ 29.6, po0.00001), meaning that amphetamine induced a larger and more long-lasting reduction in BP. In fact, BP at baseline and after 180-220 min from nicotine injection were not significantly different (F (1,5) ¼ 0.03). The mean change in BP over time for amphetamine and nicotine is summarized in Figure 2 . Figure 3 shows the results for the regional exploratory analysis with SPM99 for all 12 scans (po0.01, uncorrected). A region in the dorsal anterior caudate bilaterally (but more on the right) appeared to be statistically significant above the p ¼ 0.01 threshold. The average percent reduction in BP in the region of maximal change around the center of the right anterior-dorsal caudate was À6.576% SD (a spherical ROI 6 mm in diameter was sampled around the most significant voxel). To obtain a similar extent of change in the region encompassing the ventral striatum, the significance level had to be thresholded to p ¼ 0.1. Other areas of significance were in the right posterior putamen, where the mean percent reduction in BP was À8.178.5% SD.
Regional Effects of Nicotine: SPM Analysis
Regional Effects of Nicotine: ROI Analysis
When all 12 scans were considered together, with four repeated measures for ROIs (ventral striatum, dorsal anterior caudate, posterior caudate, and posterior putamen), two repeated measures for side (left and right) and two repeated measures for nicotine (before and after), all three factors were statistically significant (F (3,33) ¼ 56.9, Nico, nicotine; Amphe, amphetamine; B/I, bolus plus constant infusion; BP, binding potential; nic lev, nicotine level; diff, difference. % difference was calculated as (BP after nicotine at 30 minÀBP before)/BP before Â 100. Asterisks indicate missing data. These were due to either laboratory error or difficulty with venous sampling for nicotine. The BP at 210 min for MO was missing because the B/I infusion pump was prematurely disconnected. Effect sizes are reported for paired t-tests (mean of differences afterÀbefore nicotine/SD of differences).
po0.00001; F (1,11) ¼ 5.46, p ¼ 0.04; and F (1,11) ¼ 5.07, p ¼ 0.04, respectively). The only statistically significant interaction was between side and ROI (F (3,33) ¼ 8.1, po0.001). To describe the origin of these effects, the mean BP across ROIs, hemisphere and nicotine conditions regardless of the other factors were calculated and a Tukey honest significance test was used to test for the differences between means. All ROIs differed significantly from each other (po0.001), except for dorsal-anterior caudate and posterior putamen, the BP on the left was slightly higher than the right (mean BP across regions and nicotine condition 2.6470.29 vs 2.6070.28, respectively) and the BP after nicotine was lower compared to baseline (mean BP across regions and side before nicotine: 2.7070.29 and 2.5670.3 after). Moreover, the significant interaction between side and ROI was due to all regions being higher on the left, except for the posterior putamen that was higher on the right.
DISCUSSION
Nicotine produced a small reduction of [ 11 C]raclopride BP in the basal ganglia as a whole at 30 min after its administration. This effect, although statistically significant, was small (5-6% reduction as compared to the baseline BP prior to nicotine administration). As a term of reference, reproducibility measures for the B/I technique in nonhuman primates are 075% in our laboratory, with maximal variation up to 10% for an individual scan (unpublished observations). Mawlawi et al (2001) reported an average % change in BP of 2.875.9% in repeat examinations of the whole striatum in humans (where the effects of motion, even after careful correction, are likely to be more significant than in anesthetized monkeys). Given the comparable magnitude of the observed change in BP and the reproducibility ranges of the methods, the conclusion that nicotine caused the changes in [
11 C]raclopride BP would have been strengthened by reproducibility studies in the same animals. However, our observations that similar results were obtained with the bolus and B/I methods, and that BP returned to baseline levels at 180-210 min after nicotine injection, support the conclusion that this is a nicotine-induced effect.
The observed magnitude of change in BP after nicotine administration is consistent with other literature: Dewey et al (1999) and Schiffer et al (2000) reported a 12% change in BP after nicotine in anesthetized nonhuman primates treated with approximately the same dose of nicotine used here. Other published abstracts report smaller [
11 C]raclopride displacements after nicotine injections and required higher nicotine doses to achieve the effect. For example, Kim et al (1998) , reported no change in [ 3 H]raclopride binding at doses of nicotine below 5 mg/kg in mice; Cumming and Gjedde (2001) found that 0.05 mg/kg nicotine was insufficient to cause changes in [ 11 C]raclopride binding in pigs, but that 0.5 mg/kg caused a 10% reduction in BP. Of particular interest is a recent paper by Tsukada et al (2002) , who found that in awake monkeys nicotine at 0.03 mg/kg (bolus) plus a steady infusion at 0.008 mg/kg for 30 min caused no change in [ 11 C]raclopride BP. When the same animals were studied under anesthesia, however, raclopride BP decreased by approximately 10% with the same doses of nicotine. Tripling the dose of nicotine caused a 30-50% larger [ 11 C]raclopride displacement but only during anesthesia. This paper raised interesting issues regarding anesthesia, which appears to increase the effect not only of nicotine but also of amphetamine on DA release. The mechanism of this effect remains obscure, but prior work by that group has shown that both isoflurane anesthesia and cholinergic agonists reduce the availability of the DA transporter in vivo (Tsukada et al, 1999b (Tsukada et al, , 2001 ). Prior to these investigations, studies in brain slices (Salord et al, 1997) had found that anesthesia diminished responsivity of DA neurons to nicotine, an effect in the opposite direction.
Assuming that our measurements reflect a true increase in synaptic DA due to nicotine, it is of interest to verify whether the magnitude of the change is compatible with data obtained from microdialysis. Extrapolating from the data of Breier et al (1997) , a 5% change in BP of [ 11 C]raclopride should correspond to a 150% increase in DA release. Clearly, this is only a rough estimate given the differences between that study and the current one. However, Pontieri et al (1996) reported increases in DA output during microdialysis in rats to be between 25 and 50% after doses of nicotine comparable to those used in this Monkey MO is missing because the arterial port was not available in this monkey and venous sampling could not be done rapidly enough.
Figure 2 Dynamics of BP changes after nicotine and amphetamine. Note that at the later time point, the BP after nicotine has returned to baseline, while the BP after amphetamine continues to be reduced by almost 30% compared to baseline.
Nicotine-induced dopamine release in primates S Marenco et al experiment. Therefore a much smaller effect would be expected than with amphetamine, where doses of 0.2-0.4 mg/kg in monkey studies caused a 500-1400% increase in extracellular DA . One would expect smaller effects with drugs that act indirectly on the DA system and do not block the DA transporter. However, Tsukada et al (1999a) have shown the opposite: ketamine and benztropine were 10-20 times more efficient than methamphetamine and GBR12909 in causing reductions in [ 11 C]raclopride BP for the same amount of extracellular secretion of DA. The dose of nicotine administered might also have been a contributor to the small change in BP we observed. We elected to keep the dose of nicotine around 0.03 mg/kg, because this was a dose that Stein et al (1998) reported to be well tolerated when administered as a 1 min i.v. bolus in human smokers (a cigarette contains between 0.01 and 0.03 mg/kg nicotine for a 70 kg person). In summary, the effect of nicotine on DA release is small compared to that of amphetamine; nevertheless it is observable with [
11 C]raclopride PET scans. In interpreting this effect, it is also important to note that the competition of DA released through nicotinic activation with [ 11 C]raclopride may not be the only mechanism involved. For example, D2 receptor internalization has been proposed as a possible mechanism for the prolonged displacement of [ 11 C]raclopride after amphetamine administration (Laruelle, 2000) and a recent study has identified this as the primary mechanism in rats (Sun et al, 2003) . It is therefore possible that this mechanism contributes to some extent to the reduction of BP observed in this study. We are not aware of in vitro studies showing D2 receptor internalization after exposure to nicotine. Studies in monkeys in vivo have detected an increase in K d rather than a reduction in B max after amphetamine (Carson et al, 2002; Doudet et al, 2000) , which would be more consistent with the classical model of competition of DA with [ 11 C]raclopride at the D2 receptor, rather than loss of receptor availability through internalization. Moreover, our observation that the reduction of [ 11 C]raclopride binding was much shorter than with amphetamine, makes this mechanism less likely. Nevertheless, the exact mechanism by which the binding of [ 11 C]raclopride diminishes after infusions of DA agonists has not been elucidated.
We expected to find a significant correlation between BP changes and nicotine dose or nicotine concentrations in the blood. The study by Pontieri et al (1996) showed that at 0.025 mg/kg nicotine, there was an increase of about 25% in the DA output with microdialysis, which doubled at 0.05 mg/kg nicotine, implying a linear relationship between nicotine dose and DA release, at least in the nucleus accumbens shell. A similar experiment at higher doses of nicotine (0.16 and 0.32 mg/kg) also showed dose-dependent increases in DA release with microdialysis (Maisonneuve et al, 1997) . The lack of such a correlation in our study may Nicotine-induced dopamine release in primates S Marenco et al be due to technical factors such as restricted dose range of nicotine, imprecision in the measurements of plasma nicotine levels (eg note the discrepancy in Table 2 between MA at 0.01 and 0.02 mg/kg, and between JE with B/I and bolus scans), and imprecision in the BP measures with PET, or to biological factors such as a threshold effect of nicotine due to rapid receptor desensitization (Grady et al, 1994) and nicotine receptor occupancy increasing in a nonlinear fashion, indicating the possible presence of high and low affinity states of the receptors (Ding et al, 2000) . Moreover, results by Endres et al (1997) indicate that for drugs with a short-lived action such as nicotine, it is the integral of nicotine-induced DA release over time that relates best to [ 11 C]raclopride displacement. Therefore, ideally we should have used the integral of nicotine plasma levels rather than the 8 min concentration in our correlations; however, because of several missing data points, this was not possible.
Despite the small change in BP, effect sizes were large enough to indicate that studies in humans are feasible. If the same effects were seen in humans, between 10 and 15 subjects would be required to detect this degree of change in [ 11 C]raclopride BP before and after nicotine with a ¼ 0.05 and power of 0.80. This does not generalize though to studies of differences between groups (such as patients with schizophrenia vs controls). A rather large alteration in regulation of nicotine-DA interactions would be required for a difference in percent raclopride displacement to be observed between two groups, possibly requiring in excess of 20 subjects per group to detect differences reliably. The relevance of the current investigation to human applications is further limited by the effects of anesthesia mentioned above.
Although there was no statistically significant difference between the two methods of tracer administration (B/I and bolus), we believe the B/I technique offers some advantages: it is more economical because it provides the same information with a single [ 11 C]raclopride synthesis; calculation of BP images is simplified; values outside the immediate area of the basal ganglia are less noisy than with images created with SRTM, potentially enabling analysis of BP changes over the whole brain; even within the basal ganglia the statistical quality of the images is improved; and it is less sensitive to changes in blood flow (Carson, 2000) induced by nicotine (Domino et al, 2000; Stein et al, 1998; Zubieta et al, 2001) . Although these arguments support the use of the B/I method for studies of nicotine-induced DA release, this decision has to be weighted according to the characteristics of the tracer and the displacement expected. The bolus method has the advantage of ease of tracer administration. Furthermore, the B/I method depends upon reaching equilibrium prior to pharmacologic manipulation, which may not always occur. When vascular corrections were applied to the BP values for B/I scans, some reduction of effect size was seen, but this was rather modest. Vascular correction was not applied to bolus studies.
When comparing the effect of nicotine to that of amphetamine, it is obvious that amphetamine causes a much larger reduction in BP, and one that is of much longer duration. This is likely due to the different mechanisms of action of the two drugs. Amphetamine blocks DA transporters and causes presynaptic DA release (Kuczenski and Segal, 1989) , while nicotine presumably increases burst firing of dopaminergic neurons for a short period of time (Grenhoff et al, 1986; Murase et al, 1993) . The return to baseline binding seen here is consistent with the hypothesis that the change in [ 11 C]raclopride BP is produced by direct competition with transiently increased synaptic DA. However, the issue of dose is also relevant here. Cumming and Gjedde (2001) reported a prolonged reduction in [ 11 C]raclopride BP in pigs given nicotine 0.5 mg/kg, and it is unclear whether very low doses of amphetamine (apt to cause a 5% change in BP of [ 11 C]raclopride, eg, around 0.1 mg/kg) would have a different time course.
The SPM regional analysis showed a tendency for an area compatible with the dorsal-anterior caudate bilaterally and the posterior putamen on the left to decrease in BP after nicotine administration in the B/I scans. However, due to the dimensions of the monkey brain, small misalignments during registration could reduce the sensitivity of SPM analysis. Moreover, the smoothing applied to the data results in an inevitable loss of resolution and partial volume effects that also affect the size and location of the statistically significant areas. Our ROI-based analysis avoided smoothing, minimized misregistration artifacts and at the same time maintained some of the advantages of registration to MRI, such as availability of landmarks not visible on the PET scans. This analysis showed no significant ROI Â nicotine interaction, indicating that while nicotine had a significant effect on the basal ganglia as a whole, this was not regionally specific. In particular, the region of the ventral striatum that has been more strongly implicated in reward mechanisms of drugs of abuse (Di Chiara and Imperato, 1988; Drevets et al, 1999) did not show changes in BP to any different extent than other regions within the basal ganglia.
Our regional analysis revealed some unexpected findings: an effect of side (left BP larger than right) and an effect of region (posterior caudate having lower BP than the other regions). Although deserving of further investigation, the left/right difference in BP was minute, and therefore is unlikely to be of clinical relevance. However, several studies have shown that the distribution of DA and its metabolites is lateralized and associated with other measures of lateralization in animals (Cabib et al, 1995) and handedness in humans (de la Fuente-Fernandez et al, 2000; Glick et al, 1982) . It is therefore plausible that the small asymmetry we see might be related to the side preference of our animals.
The differences between regions are more consistent than the effects of side, but are most likely entirely attributable to partial volume effects. Also the significant interaction between side and ROI appears to be of little interest.
In conclusion, nicotine infusion causes small displacements of [
11 C]raclopride of short duration, presumably related to endogenous DA release caused by increased firing of DA neurons, but possibly also due to other mechanisms such as receptor internalization. The effect size should be sufficient to study this phenomenon in human smokers, especially if the B/I technique is used, although a recent abstract claimed no effect on [ 11 C]raclopride binding of cigarette smoking (Barrett et al, 2001) . Use of this technique in patients with schizophrenia, however, would be more arduous because of the need to study patients off
